Few-mode fiber (FMF) based mode division multiplexing (MDM) transmission system has been considered as a potential candidate for future backbone network, unfortunately, the mode-dependent loss (MDL) in MDM system remains to be a tough issue in high speed transmission application. Recently, the optimal maximum-likelihood (ML) detection has demonstrated its potential ability and efficiency in suppressing the capacity-limiting MDL. However, this ML detector employed at the receiver of MDM system achieves the optimal performance at the sacrifice of the exponential growth in complexity. Inspired by the fact that probabilistic data association (PDA) is able to offer near-ML performance without introducing the enormous computational complexity, in this paper, a soft-decision aided PDA detector is proposed for MDM system detection, in which the probabilities of the potential candidate symbols are iteratively estimated by using the approximation of the Bayesian theorem. In addition, only those high reliability symbols are detected to save the computational effort. To validate the proposed scheme, both weakly and strongly coupled modes have been considered. Simulation results show that the proposed PDA based detector can achieve a flexible trade-off between the BER performance and the computational complexity when compared with the optimal ML detection in FMF-based MDM system. INDEX TERMS Complexity, mode division multiplexing, mode-dependent loss, probabilistic data association.
I. INTRODUCTION
The rapid development of wideband data services and personal intelligent terminals poses significant challenges to the backbone network of next generation in terms of even higher capacity requirements. However, the current single-mode fiber (SMF) communication system is about to approaching its nonlinear Shannon capacity limit imposed by optical amplifier noise and the nonlinear effect, and thus has few potentials to be explored [1] . To overcome this drawback, recently, mode-division multiplexing (MDM) system, implemented either by multi-mode fiber (MMF) where the fiber core is enlarged to allow the propagation of several linearly polarized (LP) modes, or multi-core fibers (MCF) where several coupled or uncoupled cores coexist in the same cladding, or even a combination of both (MCF where The associate editor coordinating the review of this manuscript and approving it for publication was Muhammad Naeem . each core is multi-mode), has been proposed for long-haul optical transmission. MDM transmission can be considered as one special optical form of multiple-input multiple-output (MIMO) transmission, thus by utilizing the spatial modes, it can achieve ultra-high capacity beyond the capacity bottleneck of the single-mode fiber (SMF). In MMF based MDM transmission system, if hundreds of modes are activated and propagated at different velocities, the resulting differential mode group delay (DMGD) imposes underlying limitation on transmission performance [2] . Towards this end, few-mode fiber (FMF) based MDM system, i.e., only activating a small number of modes, has been proposed, as it is sufficiently resistant to mode coupling when compared with standard MMF, but still surpasses the limit of overall transmission capacity of SMF.
In FMF based MDM system, the spatial information density can be enhanced at the cost of interactions between modes [3] , [4] . In [5] , a novel degenerate-mode-selective coupler (DMSC) is proposed based on coupling mechanisms of a FMF directional coupler. The DMSC can demultiplex degenerate non-circularly-symmetric LP modes without any digital signal processing (DSP). The inevitable modal crosstalk caused by mode coupling necessitates the application of crosstalk-compensation schemes, such as MIMO techniques to effectively eliminate modal crosstalk between the parallel spatial paths and recover the transmitted data at the receiver [6] . MIMO was first introduced in wireless communications to enhance the transmission data rate or improve the transmission reliability, by making full use of the spatial degrees of freedoms. Recently, it has become one of the most favorable candidates applied in the MDM system to compensate for chromatic dispersion (CD), modal dispersion (MD) and modal crosstalk [7] , [8] . In [9] , an adaptive MIMO filtering techniques are proposed to de-multiplex the signals upon different modes or cores, and to dynamically compensate for the DMGD plus mode-MDLvia DSP. In [10] , it is shown that the MDM system together with MIMO DSP has the potential capability of enhancing capacity, or reducing the transmission energy by one to two orders of magnitude. In addition, advanced digital signal processing (DSP) technology has also demonstrated its potential to mitigate the MDL in the MDM system [11] - [15] . In [11] , an advanced receiver reduced-search maximum-likelihood (RS-ML) detection is presented for FMF based MDM system with mode scramblers, to enhance system performance and, relax the gain difference requirements in the few-mode amplifiers. In [12] , MIMO detection schemes in MDL-impaired MDM system are discussed, in which the ML detection together with zero-forcing (ZF) and minimum mean square error (MMSE) equalizations are evaluated to examine their bit error rate (BER) performance and corresponding complexity under both weakly and strongly coupled modes. The results show that the ML detection achieves the best performance over ZF and MMSE in terms of MDL mitigation, but at the sacrifice of enormous computational complexity. In [13] , R. Ryf et. al. points out that MIMO DSP can undo linear distortions and crosstalk arised from the FMF. In [14] , to reduce the computational complexity of ML detection, two alternative methods, i.e., the improved reduced-search ML (IRSML) detection and the well-known sphere decoder (SD) are proposed for MDM system, however, in the worst case, they still have an exponential computational complexity. In [15] , orthogonal space time block coding (OSTBC) assisted MDM system is proposed to migrate the MDL, in which only linear decoding is required so that the decoding complexity is significantly reduced. However, the MDL is fully eliminated at the cost of a portion of the multiplexing gain and at a rate loss. In [16] , spatial-mode multiplexing (SMM) for practical free-space optical communication (FSO) systems using direct detection is investigated. In order to resolve the reliability of the SMM FSO systems in the presence of turbulence, a so-called mode diversity scheme is proposed.
The probabilistic data association (PDA) algorithm was first proposed by Bar-Shalom in the 1970s to solve the target tracking problem [17] . Since then, PDA algorithm has also been invoked for symbol detection of code-division multipleaccess (CDMA) system [18] . It is regarded as an effective interference-modelling technique, in which a critical Gaussian approximation step approximates the interference-plusnoise term as multivariate Gaussian distribution. And the accuracy of this approximation is strongly related to the performance of the PDA algorithm [19] . Since the PDA algorithm has already demonstrated its potential ability in terms of near-optimum performance and low computational cost in wireless MIMO detection, it is of great interests to study the potential application of PDA in the MDL-impaired MDM transmission systems.
Motivated by that, in this paper, the PDA method is extended to FMF based MDL impaired MDM transmission systems to examine its ability to mitigate MDL in the MDM system, with the purpose of obtaining better BER performance and lower computational complexity. In the proposed PDA based MDM detection, the posteriori probability of each potential candidate symbol is utilized as soft input/output information and estimated in an iterative process by using the approximate Bayesian formula. Then, the multimodal Gaussian mixture probability distribution that experienced by the interference-plus noise term of each mode in FMF during the transmission, is ever-updated to a single Gaussian probability distribution described by a matched mean and covariance. Instead of using hard detection, PDA employs a soft detection by increasing the covariance of the effective interference and noise, according to the uncertainties of the other candidate symbols. Simulation results demonstrate that the proposed PDA based MDM detection achieves much better BER performance when compared with the other existing MDM detection schemes, but with relatively low computational cost.
The rest of the paper is organized as follows: In Section II, we introduce channel model for the FMF-deployed MDM system with M propagating modes. In Section III, we propose a soft-aided PDA based MDM detection scheme. In Section IV, the proposed PDA detection scheme is verified by simulation in terms of BER performance complexity, latency and throughput. Finally, we conclude this paper in Section V. 
II. MDM SYSTEM MODEL
Consider a FMF-deployed MDM system with M propagating modes, in which the optical link consists of L spans and each spans consists of Ksections, as shown in Fig. 1 below.
It is assumed that non-unitary crosstalk and losses are arised from imperfect connectors and splices, and the amplified spontaneous emission (ASE) is modeled with Gaussian noise source at the end of link. To solely focus on the accumulated MDL arising from discrete inline components, the distributed MDL at imperfect splices and micro-bends is neglected. DMGD is not considered since it can be equalized by using time domain filters or orthogonal frequency division multiplexing (OFDM) format with a suitable cyclic prefix. By using mode multiplexer (MUX), the M optical channels are spatially multiplexed into the FMF. Then the bits streams are transmitted through MDM channels at the transmitter. At the receiver, the signals on the M spatial channels are separated and fed into coherent receivers by using the de-multiplexer (DEMUX). Subsequently, MIMO DSP is employed to recover the transmitted symbols. For simplicity, the polarization crosstalk and fiber non-linearity are neglected. Finally, a M -mode-multiplexed optical fiber MDM transmission system can be described as: of L independent fiber spans, and each section is modeled as a product of F l , G l and P l . F l represents the distributed unitary mode coupling for the l-th span. G l is a diagonal matrix to model the multi-mode amplifiers, in which the LP 01 mode has a unit gain and gain offsets G 01−µν are defined for each LP µν mode. P l describes the mode scrambling, which is obtained by randomly permuting the rows of an identity matrix I M . α is a normalization coefficient, used for reducing the common splice loss. The mode coupling matrix
is the number of independent sections of each fiber span.
M )] describes the phase noise between the propagating modes, in which random phase entries are uniformly drawn from [0 : 2π ]. R k is a real orthogonal rotation matrix to characterize the distributed modal crosstalk. By using the crosstalk levels generated at displaced cores of two fiber sections, the mode coupling angles of R k can be obtained. The crosstalk levels are computed by [20] :
For the FMF-based MDM system without coding, the datastreams are transmitted over an orthogonal set of modes regarded as independent channels during certain time slots. In addition, the MDL is defined as the ratio between the highest and the lowest eigenvalues of H [21] , [22] .
III. THE PROPOSED SOFT-AIDED PDA BASED MDM DETECTION SCHEME A. PROBLEM FORMULATION
According to [21] , in the case of spatial multiplexing without coding, the received vector of MDM system at the specific time slot can be expressed asčž
where H is the M × M channel matrix; S is the transmitted vector that contains Mq-QAM symbols; and n is the M × 1 white Gaussian noise vector. At the receiver, the optimal ML detection with the Gaussian noise over q-QAM constellation can be formulated as:
where is the set of symbols in the constellation. The optimal solution of (4) can be further formulated as [23] :
From (4), it is known that the optimal maximum likelihood detection suffers from an exponentially increasing complexity caused by the exhaustive research method in terms of the number of modes and constellation size. Thus, it is necessary and important to explore suboptimal but computationally efficient methods to overcome the drawback of high computational cost in ML detection.
B. PDA BASED DETECTION FOR MDM SYSTEM
In PDA, one key operation is to let the interference-plusnoise term conforming to a multimodal Gaussian distribution approximately obey a single Gaussian distribution with matched mean and covariance matrix [24] . At each stage of the self-iterative decoding process, the PDA provides a group of soft decision metrics to evaluate how reliable the associated hard decisions would be. By using approximate Bayesian theorem, PDA updates a posteriori probabilities of potential candidate transmitted symbols to enhance the detection performance and robustness. Due to its potential advantage, in this paper, the PDA algorithm is employed for MDM detection to examine its BER performance in terms of MDL mitigation.
According to [18] , it is known that complex QAM symbols detection is equivalent to estimate the real and the image parts of complex symbols in parallel, which therefore can simply the decoding process and reduce the decoding complexity. From (3), the real-valued MDM system expression can be written as follows [18] :ỹ =HS +ñ
Then, (6) can be further rewritten as:
whereh i denotes the i-th column ofH, andS i is the i-th element ofS.ñ is the 2M × 1-element vector. Its elements are independent and identically distributed white Gaussian noise with zero mean and a variance matrix of N 0 .S i can be expressed as follows:
where S and S represent the sets containing real and imaginary parts of the complex q-QAM symbols, respectively.
x m (i) , ∀m ∈ 1, 2, · · · √ q denotes the potential candidate symbol drawn from ±1, ±3, · · · , ± √ q − 1 .
When applying the PDA method in MDM system detection, one key step is to compute the posterior probabilities p(S i = x m (i) ỹ ), i = 1, 2, · · · 2M of the potential candidate symbols inS. Based on the probability vectors {p (j)} ∀j =i of associated with the interference signal and reasonable values of {S j } j =i , the true possibilities p(S i = x m (i) ỹ, {p (j)} ∀j =i ), i = 1, 2, · · · 2M of target candidate symbols can be updated. However, it is computationally prohibitive to directly evaluate p(S i = x m (i) ỹ ), i = 1, 2, · · · 2M that requires exhaustive search in all possible combinations of symbols, the computational cost is evidently exponential in the number of modes. To deal with this problem, one efficient approach is to employ iterative Gaussian approximation by converting the interference plus-noise term obeying a multimodal Gaussian mixture distribution to a multivariate single Gaussian distribution. Moreover, define the interference-plus-noise term in (8) as:
whereñ i originally obeys a Gaussian mixture distribution that can be iteratively approximated as a single Gaussian distribution with matched meann i and covariance matrix i expressed below:
where E S j = m S m (j)p m (j) and
Due toñ i approximately obeys a single Gaussian distribution,ỹ is also a Gaussian received vector. Let
and
According to [25] , in the case ofS i = x m (i),ỹ obeys the same possibility distribution as p m ỹ |S i , satisfying:
Then, based on an approximated Bayesian theorem, an estimated symbol posteriori probability can be obtained as:
Note that the standard form of Bayesian theorem includes a priori probability p S i = x m (i) . Thus, the p m S i ỹ in (16) is a normalized form of its true distribution, with the assumption that all the transmitted symbols have equal priori probabilities. Finally, the posterior symbol probability p m (i) is expressed as:
The whole PDA based MDM detection algorithm is summarized in Table 2 below:
IV. SIMULATION RESULTS
Consider a 3-mode MDM system as described in section 2. Assumed that a 3 mode-multiplexed SDM system with L = 8 spans is considered, in which a graded-index fiber is employed with a parabolic index profile, a core radius VOLUME 7, 2019 r c = 6µm and a numerical aperture NA = 0.205 at a wavelength λ = 1550nm. Each span consists of K = 200 sections with a random Gaussian misalignment of zero mean and standard deviation σ x,y = {0.5%, 5%} r c in the x and y directions to emulate weak and strong mode coupling respectively. The amplifiers are assumed to have an optimized gain offset of G 01−11 = −2dB. For simplicity, DMGD is not considered in this simulation since we assume it can be equalized by using time domain filters or OFDM format with a suitable cyclic prefix. The different channel couplings are characterized by probability distribution functions (PDFs) of MDL, as shown in Fig. 2 .
Assumed that the channel state information at the receiver is known and remains constant during a codeword duration. To testify the efficiency of the proposed PDA based MDM detection, simulations have been carried out and the corresponding BER performance versus the signal-to-noise ratio (SNR) compared with the ZF [12] , MMSE [12] , ZF-DFE [21] detections in the case of 4-QAM is shown in Fig. 3 . From Fig. 3 , it is discovered that the proposed PDA based MDM detection can almost achieve the same BER performance as the ML performance, in strong coupling with/without scramblers and weak coupling with scramblers scenarios. In the worst channel scenario, i.e., weak coupling without scramblers, the PDA detection shows slightly worse performance than the ML detection with a 2dB SNR penalty, but still outperforms the other ZF, MMSE and ZF-DFE detection methods with a 3-4dB SNR gain. In the case of strong coupling scenarios (see Fig. 3 (a) and (c)), the difference between different MDM detection methods in terms of BER performance is smaller than that in weak coupling scenarios. Specifically, as can be seen from Fig. 3 (a) , the proposed PDA detection has a performance gain of about 1dB at BER = 10 −2 over MMSE.
However, this performance gain, under weak coupling without scramblers scenario (see Fig. 3 (b) ), is about 4dB at the same BER. Therefore, conclusions can be drawn that the MDL tolerance under strong mode coupling scenario is much better than that under weak mode coupling, and the proposed PDA detection exhibits its potential advantages in poor channel conditions. We notice that coupling and scrambling significantly reduce the average MDL and thus enhance the performance of the MDM schemes. Without strong coupling and scramblers, the performance of the proposed PDA detection is relatively degraded in the channel type of (b). This is probably because, in the case of weakly coupling, the transmitted modes may lose their orthogonality. And without mode scramblers, they may nearly overlap. This leads to the increased interference between different modes and a reduction in the posteriori probability of the estimated symbol. Correspondingly, a degradation in the BER performance is caused. With inline mode scrambling, the proposed PDA detection can greatly absorb the SNR penalties induced by the MDL.
In the case of higher modulation formats, the PDA-based detection method basically shows slightly worse performance than that with lower modulation formats. This is because the distance between the constellations becomes shorter when employing higher modulation formats. Generally, the higher the modulation format the worse the BER performance of the all those algorithms. Nevertheless, the proposed PDAbased detection method performs much better than the other ZF, MMSE and ZF-DFE detection methods for all those different coupling scenarios. Since the general BER trend of all these MDM detection methods with higher modulation formats are similar to that with lower modulation formats, their BER performance with higher modulation formats are not provided in the paper for limited space. Thus, conclusions can be drawn that, the proposed PDA detection exhibits its potential advantages in MDM detection.
Complexity evaluation: To further testify the efficiency of the proposed PDA method, the computational complexities of the MDM detection algorithms mentioned above are discussed, in which the real operations (additions/multiplications) and inverse operations are focused because they dominate the total computational complexity. Without loss of generality, assumed that the equivalent channel expression at the receiver after vector operation is H 2M ×2M and q-QAM constellation is employed, the complexity of the proposed PDA method can be mainly divided into two parts: the calculation of −1 i and the matrix multiplication of (14) per-iteration. According to [19] , by using the Sherman-Morrison-Woodbury formula based matrix ''speedup'' tactic, the computational cost of calculating the inverse of the covariance matrix i can be reduced to 8M 3 real operations per iteration. The calculation of α m (i) requires 4M 2 + 2 √ qM real operations. As for the proposed PDA algorithm, its computational complexity is typically related to the number of iterations η iter for convergence. The proposed PDA method has a total computational complexity of η iter 8M 3 + 4M 2 + 2 √ qM . In our simulations, at a SNR of 10dB or above, η iter can be chosen as 4. In other words, the proposed PDA method can achieve relative better performance within 4 iterations. Hence, the complexity of PDA detection method ranges from 8M 3
Since both MMSE and ZF equalizations involve three matrix multiplications and one matrix inversion [12] , the ZF and the MMSE detections have an approximate complexity of 8M 3 + 12M 2 . According to [21] , the complexity of ZF-DFE is about 8M 3 + 14M 2 + M . As for the optimal ML detection [12] , it has an exponentially increasing computational complexity of q 2M 4M 2 + 2M . For convenience, Table 3 below summarizes the computational complexity required by different detection methods for M × M MDM system with no coding (NC). In addition, visual complexities of those detecting schemes with respect to the number of modes (M ) times the coded time slot (T ) are provided in Fig. 4 .
From complexity analysis above and simulation results of Fig. 3 , it is known that the proposed PDA detection almost obtains the same BER performance as the ML detection for all those channel scenarios, except the weak coupling scenario but only with a 2dB SNR penalty. Although the MMSE, ZF, ZF-DFE detection methods have low complexities, their MDL tolerance in terms of BER performance is rather limited, especially in weak coupling scenario. In summary, compared with the ML detection, the proposed PDA detection algorithm offers such an efficient candidate that achieves considerable BER performance with lower computational complexity. Specifically, if the advanced DSP chip with a processing capability of millions of flops per second is employed, only the ms order of computational time is required by the proposed detection, which enable its feasibility in the practical hardware realization.
To further justify the proposed algorithm, both the latency and throughput performance of the proposed algorithm under four different channel scenarios in comparison with the other detection schemes have been evaluated. The corresponding results are shown in Table 4 and 5, respectively. Note that these results are obtained under configurations of SNR=12dB, MATLAB R2014a, an Intel Core i3-4130 4-core processor and 4G memory PC.
From the results above, it can be seen that, for all those channels, the proposed PDA detection almost achieves a very close performance as the ML detection with lower latency. Hence, the proposed PDA detection algorithm provides such an effective candidate that achieves better trade-off between performance and complexity, which enables its feasibility in in real world scenarios.
V. CONCLUSION
In this paper, a low complexity PDA based detection method has been proposed for FMF-based MDM system. Compared with the previously proposed ZF, MMSE and ZF-DFE detection methods, the proposed PDA detection method can offer almost the optimal ML performance in strong and weak scenarios with/without scramblers, and owns a significant BER performance advantage in weak scenarios without scramblers, at a reasonable computational complexity. Due to the fact that the complexity of the ML detection grows exponentially with both the number of tributaries and the constellation size, the proposed PDA detection becomes an efficient alternative algorithm with considerable performance but significantly reduces the complexity. In addition, the proposed PDA detection can efficiently eliminate the SNR penalty induced by MDL, and therefore greatly improves the BER performance for FMF-based MDM system, especially in the worse channel condition, i.e., weak mode coupling scenario. Since better characteristic is achieved, the proposed PDA detection method is expected to be applied in the future backbone network application of FMF based MDM system. H. X. GU received the Ph.D. degree in telecommunication and information system from Xidian University, Xi'an, China, in 2005. He is currently a Professor with the State Key Laboratory of ISN, Xidian University. He has authored over 100 publications in many international journals and conferences. His current research interests include interconnection networks, networks-on-chip and optical interconnect, and data center networks.
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